Abstract A compressible model is developed with kinetics based on the Wang-Mou five-step global kinetic scheme and used to evaluate the temperature, concentration, and velocity fields characteristic of lowtemperature combustion in unstirred static reactors. This work relaxes the assumption of small exothermicity that enabled prior studies to employ the Boussinesq approximation, valid for cases where β T << 1, i.e., slow reactions and cool flames. In this study, the range of validity of the model is extended to cases with large temperature excursions, including multi-stage ignition. For the weakly exothermic cases considered, including modes of slow reaction and cool flames, the Boussinesq approximation is completely adequate. However, it overpredicts the density change and underpredicts the ignition delay time for high-temperature ignitions. Qualitative comparison with experimental results acquired at microgravity conditions are also discussed.
Introduction
The heat generated during low and intermediate temperature reactions in unstirred, closed vessels often induces buoyant flows that stir the reaction. These flows are caused by density gradients induced by temperature non-uniformities and have contributed to inconsistencies in unstirred reactor studies sometimes performed in different size and shape vessels. Such complexities were recognized more than forty years ago (Tyler 1966; Fine et al. 1970 ) and even date back to the development of thermal ignition theory by Semenov (1935) and Frank-Kamenetskii (1955) who clearly recognized the importance of natural convection on ignition (with Frank-Kamenetskii commenting that natural convection was disregarded in the early development of the theory to avoid complexities). Furthermore, the need to suppress buoyant complexities in unstirred hydrocarbon ignition studies performed in the '60's and '70's (Tyler 1966; Fine et al. 1970; Barnard and Harwood 1974) inspired the development of continuously stirred tank reactors (CSTR's). By eliminating spatial variations in the species and temperature distributions within the reactor, CSTR's simplified the need to understand the transport processes in unstirred reactors and became a more useful tool for validating combustion chemistry models.
In recent years, initial efforts to study the coupled effects of diffusion and chemical reaction on low-temperature reactions and cool flames have focused on using unstirred reactors. In part, the renewed interest was inspired by the demonstrated ability to suppress buoyant convection in unstirred reactors by performing experiments at microgravity conditions (Pearlman 2000 (Pearlman , 2007 Foster and Pearlman 2006a) , which enable the Rayleigh number to be reduced by several orders of magnitude noting that Ra = βg T R 3 /να and thus the Ra scales linearly with g. Other available options for reducing the Ra include: (1) reducing the reactor pressure (Ra ∝ P 2 ), (2) adding inert gas dilution to reduce the temperature excursion (Ra ∝ T), and (3) reducing the reactor size (Ra ∝ R 3 ). Changing the pressure or size of the reactor, however, can change the chemistry that occurs in the reactor and the heat transfer; whereas by changing the gravitational acceleration and the associated buoyant stirring, all reactor parameters can otherwise remain fixed. This was recognized by Barnard and Harwood (1974) who noted that "it is generally assumed that heat losses are purely conductive. While this may be valid for certain low pressure slow combustion regimes, it is unlikely to be true for the cool flame and ignition regimes" in unstirred reactor studies.
Regarding the critical value for onset of convection in unstirred reactor studies, most researchers have taken the Ra cr = 600 based on experimental results from Tyler (1966) and Fine et al. (1970) , yet in some cases, the critical Ra for onset of convection has even been shown to be as low as 200 (Campbell et al. 2007 ). At Earth gravity, it is experimentally difficult, if not impossible, to achieve a Ra less than about 600, which is required to suppress convection by even a combination of the variables listed above. Conveniently, however, microgravity studies can achieve Ra's in this range and below and do not require a change in pressure, mixture composition (e.g., inert dilution), or reduction in vessel size. Access to such facilities is however limited and expensive. Ground-based facilities such as parabolic aircraft, which effectively have a gravitational acceleration that is two orders of magnitude smaller than Earth gravity, Ra's on the order of 1000 are achievable. Drop towers offer an opportunity to reduce g by up to six orders of magnitude, yet the available time duration is generally too short to study low-temperature, slow reactions and cool flames.
Regarding cool flame studies, reduced gravity experiments have been performed aboard NASA's KC-135 aircraft at different gravity levels (different Ra's) (Foster and Pearlman 2006a; Foster 2006) , and CFD studies that include reaction, diffusion, and convection have been developed using global kinetic schemes. The schemes include the two-step Sal'nikov mechanism (Campbell et al. 2005b (Campbell et al. , 2006 , the Gray-Yang mechanism (Pearlman et al. 2003; Foster and Pearlman 2006a, b; Foster 2006) , and the Wang-Mou mechanism (Cardoso et al. 2004a, b; Campbell et al. 2005a Campbell et al. , b, 2006 Foster 2007; Pearlman and Foster 2008) . In addition, Fairlie et al. (2005) have taken their reduced mechanism for low-temperature propane oxidation added diffusion of species and heat and used it to compute the spatial and temporal evolution of the temperature and species concentration profiles in an unstirred reactor.
In unstirred static reactor studies, transport typically occurs by diffusive fluxes of heat and species and buoyant convection. However, most models either disregard natural convection or assume that the density variations are small enough to justify the use of the Boussinesq approximation. This assumption is appropriate for slow reactions and weakly exothermic cool flames, yet it is not justified for strongly exothermic reactions including multi-stage or single-stage ignition for which Ra > Ra cr . For cool flames, the heat release results in temperature excursions on the order of 20-200K, and for ignition events, the temperature rise is on the order of 1000 K. For a typical reaction that occurs at 600 K, for example, β T ranges from 20/600 = 0.03 to 200/600 = 0.33 and even larger values for ignitions. As the temperature excursion increases, β T << 1 is not satisfied. For these cases, the Boussinesq approximation is not justified and does not accurately capture the change in density, yet a compressible model can more accurately compute natural convection in strongly non-isothermal cases. Therefore, one of the objectives in this paper is to explore the behavior of non-isothermal cool flames and low-temperature ignition modes representative of hydrocarbon oxidation within a compressible framework and evaluate the importance of variable density on the temperature and species distributions and flow field.
While determination of the critical Rayleigh number for onset of convection does not require a compressible model since the density difference is generally small at the onset of convection, compressibility effects become increasingly important as the density changes increase and the resulting convective flows increase in intensity. For example, such instances arise when low temperature reactions transition to ignition (i.e., multi-stage ignition).
The model herein reported is based on the compressible form of the Navier-Stokes equation coupled with species conservation and energy equations. The chemical kinetic model used is the Wang-Mou global kinetic mechanism (Wang and Mou 1985), a global x + y → 2x High-temperature branching (III)
x → 2x Low-temperature branching (IV)
x → S 1 High-temperature termination (V)
x → S 2 Low-temperature termination
